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ABSTRACT: Nature has evolved a fantastic gallery of structural
colors, oﬀering a source of inspiration for the development of
artiﬁcial, multifunctional photonic devices. Inspired by the
widespread use of melanin particles to produce structural colors
in bird feathers, we recently demonstrated that synthetic melanin
nanoparticles (SMNPs) oﬀer the same rare, but critical
combination of high refractive index and high absorption as
natural melanin. Here, we show for the ﬁrst time fast, signiﬁcant,
and reversible changes of structural coloration in self-assembled
SMNP ﬁlms in response to changes in humidity. This process is
driven by the hygroscopic nature of the particles, leading to
changes in the thickness of the SMNP layer that alter the
interference color. This mechanistic explanation is supported by
water absorption measurements, an optical model, and environmental scanning electron microscopy. Humidity-induced dynamic
colors arising from SMNP ﬁlms oﬀer possible routes for synthetic melanin as an important material in sensors and coatings.
Colors in nature play a variety of roles ranging fromwarning coloration to interspeciﬁc communication and
protection from ultraviolet radiation.1−3 One critical function of
colored patterns is camouﬂage, prevalent in nature in both
predator and prey.1 In some cases, camouﬂage is active and
dynamic with changeable colors enabling some animals to
disguise themselves in variable environments. Cuttleﬁsh are a
noteworthy example, wherein changes to their skin color,
pattern, and texture are made to closely mimic or match their
environment.4 Such color changes are facilitated by the use of
structural colors arising from nanostructures, as these can be
easily tuned by varying their periodic spacing. Although
cuttleﬁsh skin is likely under direct neural control,5 extrinsic
factors like humidity (a signiﬁcant parameter not only to living
organisms but also in chemical reactions and industrial
applications), also aﬀect spacing and thus color in organisms.
Structural colors, for example, of Morpho butterﬂy wings,6 tree
swallow feathers,7 and Hercules beetle elytra8 change with
humidity. Similar to nature, researchers have developed
synthetic optical materials in response to various stimuli, such
as temperature,9−11 chemistry,12 pH,13 light,14 mechanical
force,15 and humidity. Humidity-responsive systems showing
dynamic colors can be divided into one-dimensional,16−18 two-
dimensional,19 and three-dimensional photonic crystals.20−22
Other geometries like supraballs and etalons have also been
used.23,24 To increase colorimetric sensitivity to humidity, most
systems have employed inorganic materials to increase the
refractive index16−18 or water absorbing hydrogels to maximize
moisture uptake.20−22 Replacing hydrogels with natural
materials like silk-ﬁbroin allows only limited color change (20
nm shift in wavelength) when relative humidity (RH) is
increased from 30% to 80%.25 There is great demand for a
more facile approach using a single biocompatible/biodegrad-
able material for highly eﬃcient dynamic colorimetric perform-
ance.
Synthetic melanin nanoparticles (SMNPs) have been used as
a single component to create structural coloration through thin-
ﬁlm interference26 or scattering,27 improving on other
structurally colored systems by enhancing color saturation
through light absorption.28−31 Here, we show for the ﬁrst time
that self-assembled thin ﬁlms of SMNPs produce sensitive and
reversible color changes in response to humidity variation. We
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quantitatively demonstrate that water absorption by SMNPs
leads to changes in ﬁlm thickness and thus color.
■ EXPERIMENTAL SECTION
Preparation of SMNP Films. We ﬁrst synthesized SMNPs via
oxidation polymerization of a dopamine monomer (20 mg) in a
mixture of 50 mL of water, 20 mL of ethanol, and 1.0 mL of ammonia
aqueous solution (28−30%) at 25 °C.26 The size and distribution of
SMNPs were characterized using transmission electron microscopy
(JSM1230, JEOL Ltd.) and dynamic light scattering measurements
(BI−HV Brookhaven instrument with a 633 nm solid-state laser)
(Figure S1). We then cleaned silicon wafers (University Wafer) using a
piranha solution (a mixture of 98% H2SO4 and 30% H2O2 with a
volume ratio of 7:3, very dangerous and requiring extensive caution) at
80 °C. Clean wafers were held vertically in a SMNP aqueous solution
at 60 °C, and SMNPs were deposited via evaporative self-assembly
onto the wafer as the water evaporated. The deposited ﬁlms were cut
in half, and both the top view and side view scanning electron
microscopy (SEM) images were obtained using a scanning electron
microscope (JEOL-7401, JEOL Ltd.) without sputter coating. All
chemicals were purchased from Sigma-Aldrich.
Characterization of Dynamic Colors. A CRAIC AX10 UV
visible-NIR microspectrophotometer (MSP) (CRAIC Technologies
Inc.) was used to measure the normal reﬂectance spectra of SMNP
ﬁlms in a custom-built humidity chamber (setup in Figure S2). We
used Teﬂon tape as a white reference standard. We controlled RH
from 10% to 90% by adjusting the mixing ratio of dry and wet nitrogen
gas, which was monitored using a traceable hygrometer with an
accuracy of 1.5% RH (<10 s response time, Model 4080, Control
Company). At ﬁve humidity points (10%, 30%, 50%, 70%, and 90%)
after 1 min of equilibrium time, we measured the reﬂectance of SMNP
ﬁlms three times with a 1 min interval. To investigate how fast the
color changes were occurring, we recorded the real-time color change
(both optical images and spectroscopic scans) during the wetting and
drying process. We also tested the stability of dynamic colors by
measuring the spectra when cycling the humidity eight times. As a
control, we measured the reﬂectance of a bare silicon wafer at RH of
10% and 90% RH. We also measured angle-resolved reﬂectance
spectra of SMNP ﬁlms using an AvaSpec spectrometer with a xenon
light source (Avantes Inc.).
Water Absorption Measurement. To quantify how much water
SMNPs can absorb, we used a CAHN 21 automatic electrobalance
(CAHN/Ventron) with an accuracy of ±0.005% to measure the mass
change of small amounts (2−3 mg) of SMNP powders as a function of
the relative humidity. First, we measured the water uptake of three
empty standard aluminum DSC pans (13.65 ± 0.02 mg at RH 10%)
separately at various RHs and found the changes in mass due to water
absorption by the aluminum pans was small and consistent among
individual pans (Figure S10). The net water uptake by the melanin
particles can be calculated by subtracting the water uptake by the
aluminum pan at certain RH. We mixed dry and wet nitrogen gas to
obtain speciﬁc RH and then started to record the mass every 3 min
until equilibrium when the variations among the last ﬁve continuous
readings were smaller than 0.010 mg. We repeated the measurements
of two separate SMNP samples for both drying and wetting processes.
In-Situ Investigation of SMNP Film Thickness. FEI Quanta 450
FEG environmental scanning electron microscopy (ESEM) was used
to study the microstructural dependence of SMNP ﬁlms on gas (water
vapor and nitrogen) pressure at room temperature. We performed
both cross-sectional and top view imaging of SMNP ﬁlms without
sputter coating at diﬀerent humid conditions (various water vapor
pressures). The ESEM chamber was ﬁrst pumped to ∼10−5 Torr
before water vapor was introduced. After each desired pressure was
reached, 5 min of stabilizing time was allowed before ESEM
observation. The water vapor pressure used in this study ranged
between 5 and 18 Torr, corresponding to RH 4.5% and 81% at 24 °C.
Dry nitrogen (1 to 10 Torr) was also introduced for a comparative
study, which was not available for the >10 Torr nitrogen environment
due to poor imaging quality.
■ RESULTS AND DISCUSSION
We synthesized monodispersed SMNPs with a diameter of
(192 ± 10) nm (Figure 1a and S1) and assembled them into
structurally colored ﬁlms with blue and red colors using an
evaporation-based process following our previous protocol
(Figure 1b, c, and f).26 Both blue and red ﬁlms without long-
range in-plane order were obtained, as shown by two-
dimensional Fast Fourier power spectra of the top view SEM
images (Figure 1d and g).32 Blue and red ﬁlms are (274 ± 11)
nm and (602 ± 17) nm in thickness, based on cross-sectional
SEM images (Figure 1e and h). The color of the ﬁlms is caused
by interference,26 which showed angle-dependent reﬂectance
(Figure S3). This coloration mechanism is similar to that
observed in feathers with single or multiple layers of melanin
and keratin.7,33 Using a custom-built humidity control system
(Figure S2), we varied the relative humidity from 10% to 90%,
where these SMNP ﬁlms displayed clearly visible dynamic color
changes (Figure 2). The color of the blue ﬁlm turned green,
with the maximum peak position shifting from 475 to 530 nm
when RH increased from 10% to 90% (Movie S1; readers are
strongly recommended to watch the movie). The red ﬁlm
showed two peaks in the reﬂectance spectrum, a major peak at
638 nm and the secondary at 483 nm when RH was 10%. After
RH increased to 90%, the red ﬁlm turned green with the major
peak shifting to 714 nm and the secondary peak shifting to 551
Figure 1. (a) TEM image of SMNPs; scale bar, 100 nm. (b) A scheme
of ﬁlm formation via the evaporation induced self-assembly process.
Optical images for blue (c) and red (f) SMNP ﬁlms; scale bar, 100 μm.
(d and e) Top view and side view SEM images for the blue ﬁlm, where
insets are 2D Fourier transform power spectra. (g and h) Top view
and side view SEM images for the red ﬁlm. Scale bars in SEM images,
1 μm.
Figure 2. Dynamic colors for blue (a) and red (b) ﬁlms at various RH.
(c) The color changes during humidity change from 10% to 30%, 50%,
70%, and 90% for blue (black dots) and red (white dots) ﬁlms, as
presented in the CIE 1931 color space.
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nm (Movie S2), which makes the secondary peak become the
dominant color based on human visual perception (400−700
nm34). The maximum peak position increased as a function of
the RH (Figure S4). The colors cover almost a full spectrum of
visible light from blue to red in the color space (Figure 2c).
Interestingly, the remarkable color change of the red ﬁlm
between RH 70% and 90% oﬀers great beneﬁt in sensing high
humidity (Figure 2b and c). The reﬂectance spectra of a control
consisting of only a bare silicon wafer stayed constant in the
same humidity range (10%−90%) (Figure S5), demonstrating
that changes in the SMNP layer explain dynamic colors of
SMNP ﬁlms.
The color of SMNP ﬁlms quickly changed back to their
original colors when the humidity was reduced to 10% (Movies
S3 and S4). The rate of the color changes can be observed in
the live videos (Movies S1−S4) and is mainly determined by
how fast the humidity changes. Our observations of color
change are on a timescale that matches the rate of decrease in
RH from 90% to 10% and, in turn, the time taken to ramp RH
from 10% to 80%. Increasing RH from 10% to 90% took more
than 120 s with the ﬁrst 20 s shown herein. This color change is
faster than active color changes in chameleon skin (∼350 s
from red to green) and passive, humidity-induced color change
in feathers (25 nm wavelength shift in ∼80 s).7,35 We measured
the reversible response by cycling the RH eight times (longer
experimental time windows led to drift in the intensity of the
light source of the microspectrophotometer). The positions of
the peak maxima are reversible (Figure 3), and we also found
no change in the color saturation or broadening of the
reﬂectance spectra after eight cycles (Figure S6), which is
advantageous in designing humidity sensors in comparison to
other previously used approaches.18,20
Many colorimetric humidity sensors show visible color
changes, and these results have been attributed to the swelling
of photonic crystal structures. However, these mechanisms have
been inferred from indirect evidence.16,18,22 Here, we
quantitatively measured the mass of absorbed water as a
function of the RH (Figure 4). The mass uptake of water
increased linearly with increase in RH. From linear ﬁtting, we
extrapolated that SMNPs increased mass (ω) by 13% upon
increasing the RH from 10% to 90%. This change in mass can
be converted to a change in volume.
ρ ω ρ=V V /water smnp smnp water (1)
In eq 1, ρsmnp, ρwater, and Vsmnp are the density of SMNPs, water,
and volume of SMNPs in the ﬁlm, respectively. On the basis of
these measurements, a SMNP ﬁlm can absorb water of
approximately 17% in volume with increasing RH from 10%
to 90%.
To investigate the mechanism behind the observed color
change, we used a standard thin ﬁlm interference model (Figure
S11) and calculated the reﬂectance spectra for both blue and
red SMNP ﬁlms.33,36,37 By using the values of the refractive
index and extinction coeﬃcient of SMNPs reported in our
previous work and assuming the volume fraction of SMNP ﬁlm
to be 55%,26 we calculated the reﬂectance spectra of SMNP
ﬁlms. The thickness measured using SEM is the lower limit due
to high vacuum conditions, and for ﬁtting the data, we start
with this minimum thickness and increase the thickness until
we obtain a best ﬁt (Figure 5a and b): the thickness for blue
and red ﬁlms is 328 and 654 nm at RH of 10%, respectively.
The absorbed water may swell the SMNPs or condense to ﬁll
the pores of the ﬁlm. We have excluded the possibility of the
latter case based on the optical modeling in Supporting
Information (Figures S12b and S13). Since SMNP ﬁlms are
conﬁned onto silicon wafers without the freedom to swell
laterally when exposed to humid conditions, we used a
simpliﬁed model (Figure S12a) where SMNP ﬁlms only swell
vertically, and thus the swelling ratio is equal to the volume
expansion. The thickness of the SMNP ﬁlm has a 17% growth
when RH rises from 10% to 90%. With this increase in
thickness of SMNP ﬁlms, we have calculated the theoretical
spectra and compared them with those measured experimen-
tally. After increasing the RH to 90%, absorption of water vapor
will not only swell the ﬁlm but also reduce the eﬀective
refractive index of SMNPs. Therefore, we allowed the refractive
index to vary, and the best ﬁtting was obtained with a value of
1.64 at 90% RH (Figure 5c and d). On the basis of water
absorption, we calculated that the RI value of wet SMNPs is
1.68 at RH of 90% using the following equation.38
Figure 3. Maximum peak positions in the spectra of blue (a) and red
(b) ﬁlm shift during eight times of cycling RH. In b, the black curve is
for the primary peak position, and red is the secondary peak position.
Figure 4. Water uptake in the mass of SMNPs changes with RH. The
solid line is the linear ﬁtting (ω% = −1.81 + 0.156RH; R2 = 0.96).
Figure 5. (a) Measured (solid blue) and model spectra (solid black) of
the blue ﬁlm at RH of 10%. (b) Measured (solid red) and model
spectra (solid black) of the red ﬁlm at RH of 10%. (c) Measured (dash
blue) and model spectra (dash black) of the blue ﬁlm at RH of 90%.
(d) Measured (dash red) and model spectra (dash black) of the red
ﬁlm at RH of 90%.
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= − +‐n n V n V(1 )smnp wet2 smnp2 water water2 water (2)
Where the RI of dry SMNPs, nsmnp is 1.74.
26 The slight
diﬀerence in the RI values obtained from these two methods
might be due to the minor swelling of SMNPs laterally.
We further used ESEM to directly investigate the structural
response of SMNP ﬁlms to humidity variation. The relative
humidity was controlled by water vapor pressure that varied
from high vacuum (10−5 Torr, ∼ RH 0%) up to ∼18 Torr (RH
81%). Our observations of cross-sectional samples showed a
prompt and noticeable thickness increase (sometimes up to
20% at high humidity) with increasing humidity, which seemed
to be caused mainly by increases in particle size (Figures 6 and
S6). In contrast, no distinguishable thickness increase was
observed in our control experiment where the same SMNP ﬁlm
was exposed to dry nitrogen gas at the similar pressures (Figure
S8). This result conﬁrmed that the change in ﬁlm thickness is
due solely to the absorption of moisture by the particles rather
than change in atmospheric pressure. Top view ESEM images
demonstrated SMNP swelling, with cracks in the ﬁlm
disappearing when humidity increased, and this process is
reversible when decreasing humidity (Figure S9). Compared
with solid ﬁlms, the cracks in the SMNP ﬁlms help release
strain from SMNP swelling at high humidity. This possibly
enhances the reversibility of the observed color change during
wetting and drying cycles.
In this work, we achieved rapid and substantial color
responses with humidity without any additional hygroscopic
materials for water absorption or inorganic ﬁllers to increase the
refractive index. Here, we can deﬁne the sensitivity of the color
change to the humidity as,
=S peak shift (nm)/water uptake (wt %) (3)
For SMNP ﬁlms, only 13 wt % water absorption can lead to
77 nm color shift, therefore S = 5.9 (nm)/(wt %), which is a
factor of 2 larger than that reported for polyelectrolyte ﬁlms
(2.2 (nm)/(wt %), and a 195 nm shift is achieved with 90%
water uptake).39 With lower water uptake, the SMNP ﬁlm is
more likely to avoid structural deterioration after multiple
wetting and drying cycles. In contrast to conventional
multilayer structures,16,17 the SMNP ﬁlm can be facilely
prepared via a one-step coating process. More importantly,
the porosity of the ﬁlms makes it easier to absorb/desorb water
vapor, increasing the response speed of the dynamic colors. In
addition, SMNP ﬁlms show larger and faster dynamic colors
than natural systems like butterﬂy scales, bird feathers, or beetle
elytra.6−8
Water or moisture can dramatically increase the electric
conductivity of melanins possibly through an electronic-ionic
hybrid conductor mechanism.40−43 However, quantiﬁcation of
water absorption or taking advantage of this property to make
dynamic color changes had never been explored. Our work
combining hygroscopic and unique optical properties (high
refractive index and high absorption) of melanins will further
broaden the capabilities of SMNPs in photonics, in addition to
their potential applications in bioimaging, drug delivery, and
cancer diagnosis.44,45
■ CONCLUSIONS
In summary, we have developed bioinspired SMNP ﬁlms and
have demonstrated that these ﬁlms show rapid, reversible
dynamic color changes in response to humidity. By measuring
water absorption, imaging the changes in diameter using ESEM,
and by employing optical modeling, we have shown that color
change is caused by swelling of SMNP particles, which leads to
changes in the layer thickness. The remarkable color change is
achieved with a single biocompatible component, with a simple
evaporative process leading to potentially intriguing applica-
tions in sense-response systems. This strategy is an example of
biomimicry, where we have applied principles of structural
coloration in natural systems to achieve dynamic coloration.
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